Introduction
The use of Geographic Information System (GIS), as a tool for identifying populations with potential exposure to environmental contaminants and environmental concentrations as indicators of human exposure, has attracted some interest in environmental epidemiology studies (Ward et al., 2000a,b) . Especially, concentrations of various substances in soil or water have been used to assess human exposure and subsequent health effects. For example, a study from China showed an association between low contents of magnesium, calcium and strontium in soil and nasopharyngeal carcinoma (Bolviken, 2000; Bolviken et al., 1997) . In a study from Belgium, a correlation was observed between cadmium in soil and fracture incidence (Staessen et al., 1999) . Furthermore, low concentrations of zinc in groundwater were associated with an increased incidence of childhood diabetes in a Swedish study (Haglund et al., 1996) .
Cadmium is a heavy metal widely spread in the biosphere in spite of restrictions for its use. Soil acidification increases the absorption of cadmium in crop (Andersson, 1992) . In the general population, the main exposure routes are food and cigarette smoking (Friberg et al., 1986; Vahter et al., 1991) . One cigarette contains about 1-2 mg cadmium, and an average of about 10% is inhaled during smoking (Elinder et al., 1983; Friberg et al., 1986) . In Sweden, the blood cadmium concentrations in smokers are four to five times higher than in nonsmokers, while the kidney cadmium concentrations are about two to three times higher than in nonsmokers (Vahter, 1982) . After inhalation, 10-40% may be absorbed, in contrast to less than 10% from ingestion (but more in individuals deficient in iron, protein, calcium or zinc) (WHO, 1992) . The main route of excretion is through the kidneys and the biological half-life is 8-30 years. The kidney is the critical organ for cadmium toxicity and the earliest manifestation of long-term exposure to cadmium is tubular proteinuria, which recently has been shown to occur at a lower cadmium dose than previously anticipated (Ja¨rup et al., 1998) . Cadmium in urine is known to give a good estimation of the body burden, whereas cadmium in blood mainly reflects more recent exposure (Ja¨rup et al., 1998) .
Lead is another widely spread heavy metal with long biological half-life. The main sources of lead exposure are industrial and automobile emissions, water from lead pipes, paint, lead soldered cans and ceramics (WHO, 1995) . Food is a major source of lead exposure in the general population (Vahter et al., 1991) . Lead is absorbed into blood plasma from which it enters the blood cells. About 99% of lead in blood are present in erythrocytes and 90% of the total body burden of lead is found in the skeleton. Lead is excreted mainly through urine and faeces. Environmental lead exposure is particularly toxic to children and may cause adverse effects on the central nervous system as well as on the renal function (Needleman and Bellinger, 1991; Bernard et al., 1995) . The concentration of lead in blood is the most commonly used biological marker of lead exposure (WHO, 1995) . Owing to the long biological half-life of both cadmium and lead, even a small increase of the daily intake may increase the body burden.
Moss has been used as an indicator of atmospheric heavy metal deposition since the middle of the 1960s, since moss only takes up metals from the air and not from the soil due to the lack of roots. Moss also lacks an outer protecting cellular tissue and deposited metals are easily absorbed by the plant and remain there. The moss species Hylocomium splendens has very distinct annual shoots and it is easy to determine the age of the plant (Ruhling and Tyler, 1970; Tyler, 1970) . The method of using moss as an indicator of atmospheric heavy metal deposition is well established and has been used to estimate the integrated deposition in various parts of Northern Europe´ (Ruhling, 1994; Ruhling et al., 1996) .
A battery factory was established in 1910 in a village in southeast Sweden. Until 1974, when the factory was closed down, there were large emissions of cadmium and lead to the environment. In order to estimate the total load of these metals to the environment, concentrations of cadmium and lead in soil were examined around the factory in 1990. The total emission to air, during the lifetime of the plant, has been estimated to be 8 tons of cadmium and 240 tons of lead (Bergba¨ck and Carlsson, 1995) .
The objective of the present study was first to evaluate the usefulness of routinely collected data on concentrations of cadmium and lead in environmental media (moss) for assessing human exposure and absorbed dose (Study 1). Secondly, the purpose was to evaluate the usefulness of concentrations of cadmium and lead in soil around a point source for assessing human exposure and absorbed dose (Study 2). Various known determinants for cadmium and lead exposure, like age, gender, diet and smoking habits, as well as unknown determinants like environmental metal concentrations were included in the analyses.
Materials and methods
The study subjects were selected from the population in a large previous epidemiological study (the OSCAR study). Individuals between 16 and 80 years of age, who had lived for at least 5 years during the period 1910-1992 in the local community, where the battery factory was situated, were included in this study (Ja¨rup et al., 2000) . Furthermore, at the time of study in 1996, they still had to live in the county to which the local community belonged. A total of 1227 people were recruited for the health examination and 799 (65%) participated. All participants answered a questionnaire including questions on food, smoking habits, places of residence, occupations and health. A total of 35 randomly selected nonresponders were interviewed and found to be quite similar to the participants, regarding their likely environmental exposure and health status.
After scrutinizing the questionnaires, we found that several individuals had been occupationally exposed or had not lived in the area for at least 5 years between 1910-1992. After exclusion of these individuals, 512 environmentally exposed persons remained in the study population. Two specific study groups were then identified for Study 1 and 2, respectively. The first study group (Study 1; n ¼ 257) had lived in the area between 1974 and 1992, and still lived in the area when the study was conducted in 1996, that is, they had not lived in the area when the factory was in operation. This study group had lived in the area when the moss samples were collected (1989, 1995) , and they had not been exposed to airborne emissions from the factory. On the other hand, they were exposed to airborne emission over the area from other sources, just like the moss. The moss samples mirror the ambient air emission for the last 3 years and the blood samples taken in 1996 could roughly reflect the same ambient air exposure. The second study group (Study 2; n ¼ 319) had lived for at least 5 years from 1910 through 1992 in the area (up to 5 km around the former factory) where the soil samples were taken (1990). These individuals might have been exposed to the factory emissions (by air and/or by eating locally grown food) as reflected in the accumulation of cadmium in the soil. Biomarkers of the body burden of metals could correspond to this exposure even if taken several years after the factory had been closed down in 1974. It should be noted, however, that there was an overlap between the groups as some individuals were included in both the study groups. Geographical coordinates for the addresses of all study subjects were identified through the local property register or estimated from a map.
Blood and urinary samples were collected from all participants in 1996. Morning urine was voided in acid-washed polyethylene bottles and venous blood was drawn from the cubital vein into 10 ml heparinized evacuated plastic tubes. The samples were stored frozen (À201C) until transfer to the analytical laboratory at the Department of Occupational and Environmental Medicine at the Lund University Hospital, Sweden. Lead in blood, cadmium in blood and urine were determined by inductively coupled plasma mass spectrometry (ICP-MS, Fisons VG PG2 þ quadropole spectrometer). All samples were prepared and run in duplicates. A more detailed description of the chemical analyses can be found elsewhere (Ja¨rup et al., 2000) .
In 1989, the Geological Survey of Sweden (SGU) had collected 285 samples of moss in the county of Kalmar, followed by another 165 samples collected in 1995. The area used for the present study (the community of Mo¨nstera˚s in the middle of the county) is 596 km 2 and 14 samples were collected from that area in 1989 and another 12 samples were taken in 1995. In order to get information about the general load to the area, the samples were geographically evenly distributed avoiding sites near roads or houses. Every sample consisted of five subsamples taken within an area of 100 m 2 . The moss was cleaned and the growth from the last 3 years was identified. Then the growth sections were dried and dissolved at 40 1 C by boiling nitric acid and the metals were analyzed by using (ICP-MS) (Ohlsson, 1990; Ruhling, 1998) .
In October 1990, the University of Kalmar collected soil samples in four different directions (N, NE, SE, SW) and distances (0-0.3, 0.5-1, 1-2, 2-5 km) in an area around the battery factory. There were 16 sampling locations and each sample consisted of 8-10 subsamples to account for the local variations. The amount of organic matter varied considerably between different soil samples and the results were standardized with respect to the loss on ignition. After sieving (2 mm), the dried soil samples were extracted with concentrated nitric acid and analyzed for cadmium and lead using atomic absorption spectrometry (AAS) (air-acetylene, Pb 283.3 nm, Cd 218.0 nm, with background correction). Soil pH was determined electrometrically after extraction in potassium chloride and loss on ignition (LOI) was calculated after heating the soil samples at 5501C for 2 h (Bergba¨ck and Carlsson, 1995) . Samples from the underlying layer(10-30 cm depth) were also taken and analysed. This gave a calculated leaching rate of 0.8%/year for cadmium and 0.3%/year for lead. With a constant leaching rate of 0.8%/ year, it will take 36 years for a 25% decrease in the cadmium content in the top soil, 86 years for a 50% decrease and nearly 300 years for a 90% reduction.
The geographical co-ordinates for the various sample points of moss were available from SGU, and the coordinates for the soil sample points were geo-coded from a map. Based on the sample points, areas with different concentrations were created with Mapinfo r GIS software and Kriging technique. We used sample points from the whole county when we created the concentration areas in moss. As the sample points were evenly distributed, our concentration zones mirror the general load of cadmium and lead in the area. Kriging is a geostatistical method commonly used in geology to interpolate values of a certain variable in unmeasured points (Davis, 1986) . It has also been used in assessing population exposure to atmospheric air pollution and in estimating soil lead levels (Briggs et al., 2000; Shinn et al., 2000) . All individuals in the two study groups were thus assigned a set of cadmium and lead values (from moss and soil) by linking their present address coordinates to the interpolated concentration levels.
Using multiple linear regression in the STATISTICA software, the biological data were linked to the different environmental concentrations of cadmium and lead. Statistical evaluations between gender and smokers versus nonsmokers were performed by ANOVA. Smokers were defined as having ever smoked for at least a year. A smoking index was also created based on the number of years they had smoked an amount of tobacco corresponding to one packet of cigarettes daily (pack-years). Eating homegrown vegetables was defined as eating food grown in their own garden, for 3 months or more per year. The concentration values of metals in urine, in blood and in moss and soil were not normally distributed. Therefore, logarithmic transformations of these values as well as of the smoking indices were used in the analyses. Statistical significance was based on 95% confidence interval limits. Urinary cadmium is given in nmol/ mmol creatinine, cadmium and lead in blood in nmol/l, Cd and Pb in moss in mg/kg and in soil in ppm/LOI.
Results

Study 1
Cadmium and lead levels in the study population and values of metals in moss as linked to the population using GIS are given in Table 1 . The concentrations of metals in moss for the year 1995 are shown in Figures 1 and 2 . The values of metals in moss had decreased between 1989 and 1995 as shown in Table 1 . The median values for 1995 for the whole county was 0.19 mg/kg for cadmium and 7.9 mg/kg for lead. Thus, the values for the examined area were comparable to the rest of the county.
In the study group (n ¼ 257), which had lived in the area where the moss samples were taken between 1974 and 1995, no associations were found between cadmium in urine and cadmium in moss from 1989 or 1995. Associations were found, however, between cadmium in urine and age, gender and smoking, respectively (Table 2) . Associations were also found between cadmium in blood and age and smoking, as well as a significant association between cadmium in blood and cadmium in moss from 1989, but no such association was seen between cadmium in blood and cadmium in moss Using environmental concentrations of cadmium and lead to assess human exposure and dose Using environmental concentrations of cadmium and lead to assess human exposure and dose Hellstro¨m et al.
from 1995. Similarly, there was no association between lead in blood and lead in moss (1989 or 1995) or lead in blood and age. In contrast, an association between lead in blood and gender as well as between lead in blood and smoking, was found. Male and female subjects were also analyzed separately but it did not change the association results found for the genders combined. For female subjects, there was an association between cadmium in blood and cadmium in moss from 1989, however.
Study 2
Cadmium and lead levels in the study population and values of metals in soil as linked to the population using GIS are given in Table 1 . The concentrations of cadmium in soil varied between 39.6 and 0.29 ppm/LOI, and for lead between 32 and 0.8 ppm/LOI (the nearest and the farthest sample from the battery plant, respectively). The results from the soil examination showed elevated cadmium and lead concentrations up to 1 km from the factory indicating a rather heavy pollution to the near vicinity of the factory when operating. The values decreased rapidly beyond 1 km indicating that the dispersion beyond that point was rather limited. In the study group 2 (n ¼ 319), which had lived for at least 5 years during 1910-1992 in the area where soil samples were taken, there were statistically significant associations between lead in blood and lead in soil, as well as between lead in blood and gender and age. The association between lead in blood and lead in soil was only found in female subjects and appeared in both smokers and nonsmokers when these groups were analysed separately (not shown in table). Associations between cadmium in urine, cadmium in blood and age, gender and smoking were found, but there was no association between cadmium in urine or blood and cadmium in soil (Table 3) . The association between cadmium in urine and in blood and cadmium in soil did not improve when only nonsmokers were included in the analyses (not shown in table). For those individuals (n ¼ 191) who had consumed homegrown vegetables regularly, we found a statistically significant association between lead in soil and lead in blood for female subjects and a nearly significant association for male subjects (Table 4 ). In individuals (n ¼ 116) not consuming homegrown vegetables regularly, there was no clear association between concentrations of metals in soil and metals in urine or blood (Table 5) .
Discussion
Study 1
It can be tempting to use heavy metal concentrations in environmental media as indicators of exposure when studying potentially associated health outcomes (Wingren and Axelson, 1992; Grawe et al., 1997) . In this study, we found no associations between heavy metal concentrations in moss and human exposure measurements. Nevertheless, there was an association between cadmium in blood and cadmium in moss from 1989. This might well be a chance finding, which could be expected as several analyses were performed on the same dataset. Cadmium in blood reflects mainly recent exposure and our investigation was performed in 1996-1997, thus suggesting that an association with moss concentrations in 1995 would have been more likely. The level of cadmium in ambient air is generally low. In rural areas of Sweden, annual mean air concentrations of cadmium of 0.9 ng/m 3 have been Using environmental concentrations of cadmium and lead to assess human exposure and dosereported (Ja¨rup et al., 1998) . The most reasonable explanation for our findings is that moss concentrations reflect emissions of the last 3 years, and for people living in the study area, the total uptake of cadmium and lead depends heavily on life-time exposure from various sources, that is, food, smoking and air.
Study 2
It is a challenge for environmental health to correctly identify populations at risk from point sources of pollution. Different methods have been used, such as using concentric rings of varying radii around the source of pollution, soil sampling in different directions, and distances from the point source, and Using environmental concentrations of cadmium and lead to assess human exposure and dose Hellstro¨m et al.
using the frequency and speed of different wind directions (Lin et al., 2001; Petrela et al., 2001; Williams and Ogston, 2002) . In this study, soil samplings were used and no consistent association to human dose was identified. Concentrations of metals in soil may reflect airborne exposure from local point-source emitters and airborne emissions may contribute to the body burden of cadmium and lead in the population. One possible explanation for the lack of associations in this study is that most people did not work in their home village and were therefore not exposed to airborne metals during daytime from the battery plant. On the other hand, food is the main exposure routes for the general nonsmoking population, and in our study some individuals have probably been exposed to cadmium and lead by eating locally produced food grown on contaminated soil. This type of exposure is difficult to estimate, however, as a minor part of the food is produced locally in most industrialized countries.
The sex difference may be explained as, due to higher occurrence of iron deficiency in women or to genetic factors (Hallberg et al., 1993; Berglund et al., 1994; Bjo¨rkman et al., 2000) . Furthermore, the associations were stronger in individuals who regularly ate homegrown vegetables and did not appear in individuals not eating home grown vegetables regularly. This indicates an exposure of lead from eating locally produced food grown on contaminated soil, which would be in line with the fact that diet is a major source of lead exposure in the general population (WHO, 1995) .
We found a strong association between cadmium in urine and in blood and the amount of cigarettes ever smoked supporting the result from other studies that smoking is a major source of cadmium exposure among smokers (Ja¨rup et al., 1998) . We found no association between cadmium in urine and cadmium in soil even when analysing nonsmokers separately, possibly indicating that exposure to cadmium by eating locally produced food on contaminated soil had only a minor influence on the body burden of cadmium in the study population. This is in contrast to a study from Belgium, where a correlation between soil cadmium and urinary cadmium was found (Staessen et al., 1994) .
Health surveillance within large populations is costly and participation rates may be low, especially if blood samples are required. Therefore, exposure surrogates, such as measurements of substance concentrations in environmental media, could be attractive alternatives. However, from this study, we conclude that, in general, environmental concentrations may not be useful surrogates for assessing human exposure to lead and cadmium. However, concentrations of metals in soil around point sources can be a complement to other sources. Using environmental concentrations of cadmium and lead to assess human exposure and dose
